Introduction {#sec1}
============

Scoliosis is a three-dimensional (3D) spinal deformity that is defined by lateral deviation of the vertebral column of more than 10° with vertebrate rotation. It can be classified into four main categories---congenital, idiopathic, neuromuscular, and syndromic. Among them, adolescent idiopathic scoliosis (AIS) is the one most commonly encountered by physicians, orthopaedists, and surgeons. It is a developmental deformity of the spine and body trunk evident in an otherwise healthy adolescent, consisting of structural lateral spinal curvature in a coronal plane, axial vertebral rotation in a transverse plane, and physiological spinal curvature disruption in a sagittal plane [@bib1]. Epidemiological studies showed that 2--4% of teenagers aged between 10 and 16 years will develop some degree of scoliosis [@bib2]. In Hong Kong, its prevalence is about 3% [@bib3].

Regardless of the enormous advances in medical imaging over decades, scoliosis radiography remains the mainstay to diagnose and evaluate AIS. Full-length posteroanterior (PA)/anteroposterior and lateral spinal radiographs are taken to assess the degree of curvature. Patients are imaged in the standing position to evaluate the influence of gravity on the deformity, giving more reliable radiographic measurements for estimating the magnitude of scoliosis and ultimately in clinical decision-making [@bib4]. The radiographs can be obtained with the use of various imaging methods, including computed radiography (CR), digital radiography (DR), and biplanar linear radiography (EOS™ imaging system). Although the EOS system is proved to offer the most accurate assessment of whole-body imaging without clinical significant difference compared with computed tomography scanogram [@bib5], its availability is limited. Most clinical centres still use DR or CR systems for scoliosis examinations. However, DR and CR systems are associated with differential magnification due to the parallax effect. The extent of magnification is related to the object size, source--detector distance, beam centring, and beam divergence. The parallax phenomenon may distort the full-length spinal images, leading to error on radiographic measurements [@bib5], [@bib6].

On the PA/anteroposterior radiograph, the degree of the scoliotic curve is determined with the Cobb\'s method. It is obtained by measuring the angle between the superior end plate of the superior end vertebra and the inferior end plate of the inferior end vertebra involved in the curve [@bib2], [@bib4]. To decide which management method should be chosen, the maturity of patients and severity of scoliosis should be considered and that younger children with larger curve magnitude have greater risk of curve progression [@bib2]. Progressive scoliosis could lead to worsening of deformity such as truncal shift, asymmetry in the shoulder height, rib prominences and development of chest wall abnormality [@bib2]. For mild scoliosis of 10°--25°, observation at regular intervals is suggested. Bracing is recommended for moderate scoliotic patients angled from 26° to 40°. Spinal curvature with Cobb angle greater than 40° is regarded as severe scoliosis, and multilevel spinal fusion surgery is usually performed for these patients. Because a few degrees of difference can significantly affect the treatment decisions, it is important for an AIS patient to have follow-up radiographs regularly to see if there is any progression. When comparing two radiographs of the same patient, a difference of 5° in the measured Cobb angle represents a 95% confidence of a true difference [@bib7]. In AIS, an increase of 5° at a 12-month interval indicates a significant curve progression [@bib4].

Accurate and reliable radiographic measurements in scoliosis are important for clinical decision-making, especially for Cobb angle measurement. The Cobb angle measured should be accurate enough to represent the real condition of the patient [@bib8], [@bib9]. Also, it should be reliable for monitoring of curve progression and management of the treatment process [@bib9]. However, error exists in Cobb measurement owing to changes in radiographic production and/or measurement error. Vrtovec et al. [@bib10] further explained that the positioning procedure, radiographic method used, end vertebrae selection, inaccurate protractors, and bias of observers were the major causes of variations in the Cobb angle measurement. A total error of 2°--7° had been reported in the assessment of Cobb angle [@bib7]. In the study of Goldberg et al. [@bib11], subtle variations in imaging acquisition, such as changes in the patient posture and position, caused an error of 2°. The study also reported an interobserver error of 2.5° and an intraobserver error of 1.9°. Although the imaging method has been recognized to be one of the potential factors causing error in the Cobb angle measurement, few research studies investigated its effect. *In vivo* investigations on individuals comparing CR, DR, and EOS difference in scoliosis measurement have not been conducted to the best knowledge of the researchers, probably due to the ethical concern of unnecessary high radiation exposure.

In the light of the aforementioned review, we aimed to examine the compatibility between the three radiographic imaging methods, CR, DR, and EOS, for scoliotic quantification by using a flexible spine phantom. The specific objectives of our study include, first, reviewing the reliability of CR, DR, and EOS for Cobb angle measurement, second, assessing the agreement between different imaging methods, and third, evaluating the prediction performance for EOS measurement from that of CR and DR.

Materials and methods {#sec2}
=====================

Phantom description and experimental setup {#sec2.1}
------------------------------------------

A highly bendable spine model with soft intervertebral discs (1008545, 3B Scientific, Hamburg, Germany) was selected in this study ([Figure 1](#fig1){ref-type="fig"}). The spine phantom was fully flexible such that it could mimic scoliosis with a wide range of clinical significant extent of deformation. The spine phantom was flexed into different degrees of lateral curvatures in the coronal plane with the natural kyphosis and lordosis maintained. Individuals were refrained from the study because multiple X-ray exposures for single individual were involved in this study, which would pose additional radiation risks to humans without clinical justification. To better imitate the real clinical situation, the adjustment of curves followed the major curve characteristics of AIS. A total of 32 C-shaped thoracic dextroscoliotic curves (a single curvature with thoracic spine convex to the right) between 10° and 60° were simulated. The range of angles covered the scope at which decisions for observation, bracing, and surgery for AIS would be made. The study started with 10° based on the definition of scoliosis. A few degrees of measurement difference within the range affect the management decisions significantly. Vice versa, measurement variations for curves clearly below 20° or above 60° are unlikely to alter the treatment option [@bib12]. Because the accuracy of Cobb angle measurement could be affected by positioning errors, which could reach up to 20°--30° theoretically [@bib13], the spine phantom was fixed in its position rigidly within an immobilizer frame for minimisation of these extraneous variables. The frame ensured that there was no axial rotation of the spine phantom during transfer between different examination rooms and that the same object--detector distance was maintained in every image acquisition.Figure 1**Illustration of the spine phantom**. The spine phantom was manipulated with a right-sided thoracic scoliosis fixed in an immobilizer frame.Figure 1

Scoliosis imaging {#sec2.2}
-----------------

Image collection was started by first bending the spine phantom to shape a single right thoracic curve. Before any image acquisition, a digital photo was taken for documentation of the curvature. For each curve, it underwent three image acquisitions involving DR, CR, and EOS systems, in order. For all methods, the positioning parameters followed the local protocols of the Duchess of Kent Children\'s Hospital. The central point (eighth thoracic vertebra) and proximal and distal margin (occiput and pelvis) of the spine phantom were marked on the frame for consistent centring and collimation.

Image acquisition began with the use of the DR unit (Discovery XR650, GE Healthcare, Chicago, United States). The phantom was placed in PA position, with the source-to-image receptor distance being 180 cm ([Figure 2](#fig2){ref-type="fig"}A). The exposure parameters were adjusted to 63 kVp and 16 mAs. By setting the start and end level with the use of the scoliosis series protocol, three consecutive radiographs were obtained with a craniocaudal angulation of the central beam. The three images would be automatically stitched to a single whole spine image ([Figure 2](#fig2){ref-type="fig"}A). The Cobb angle would be measured once at the workstation to ensure the adjusted curvature was within the desired range before performing the remaining acquisitions.Figure 2**Experimental set-up and the corresponding radiographs for different imaging methods**. The phantom was placed on the chair in true anteroposterior/posteroanterior position with consistent centring and collimation (A) in DR setting, (B) in CR setting, and (C) in EOS setting.CR = computed radiography; DR = digital radiography; EOS^™^ imaging system.Figure 2

Full-length radiographs were then performed using the CR system (CR75 5612/110, Agfa Healthcare, Bonn, Germany). Two 35 cm × 43 cm imaging plates would be placed inside the designated imaging plate holder with slight overlapping behind the Bucky grid. Same as in DR acquisition, the phantom was in PA position but the source-to-image receptor distance was changed to 150 cm ([Figure 2](#fig2){ref-type="fig"}B). The exposure factors remained the same as in DR setting. The entire spine was imaged with single X-ray exposure by centring according to the predefined reference marking. The CR images were stitched together semiautomatically with the use of background gridlines at the computer workstation ([Figure 2](#fig2){ref-type="fig"}B).

Scanning was performed after CR and DR acquisitions using a biplanar linear radiography system (EOS™, EOS Imaging, Paris, France). The spine phantom was positioned anteroposteriorly at the centre of the scanning field ([Figure 2](#fig2){ref-type="fig"}C). All parameter values were remained as preset except the exposure parameters that were changed to 63 kVp and 160 mA. The start and end level were located using the external laser beam. Because lateral images and 3D reformation were not necessary in this study, the biplanar mode was not used.

After all image acquisitions by the three aforesaid imaging methods, another curvature was then remanipulated to start a new set of image collection. The acquisition process was repeated until a total of 32 sets of data including 96 radiographs were acquired. All images were eventually sent to the local server of the hospital and wrote into a CD-ROM.

Scoliosis measurement {#sec2.3}
---------------------

Six trained radiography practitioners were recruited as observers in the study. Computer-aided Cobb angle measurements were performed on the Philips DICOM viewer (PMS DICOM R3.0 SP3; Philips Healthcare, Eindhoven, the Netherlands). Once the observers determined the superior and inferior end vertebrae location by placing two lines crossing the end plates, the Cobb angle would be automatically calculated by using the software. Consensus and training on the measurement technique was made among the observers beforehand to familiarize them with the software program and minimise measurement bias. Observers were allowed to adjust the image contrast, brightness and magnification to assist in the measurements. Each radiograph was evaluated two times by each observer at an interval of 2 weeks. The end vertebrae were determined and recorded by every observer for each radiograph at their first trial so that same end vertebrae were used for their later-on trial. They were not allowed to access their measurement results and others\' results until all data collection was finished.

Data analysis {#sec2.4}
-------------

The software SPSS (SPSS Statistics 23; IBM, Chicago, USA) was used for statistical analysis. Descriptive statistics including the mean, standard deviation, and range of measurement were reported. Interobserver and intraobserver reliability of measurements for each imaging method was assessed by the intraclass correlation coefficient (ICC) models 2 and 3, respectively. Reliability was regarded as poor for less than 0.24, low for 0.25--0.49, moderate for 0.5--0.69, good for 0.70--0.89, and excellent for greater than 0.9 [@bib14]. A statistically significant difference was present between two values of comparison when their 95% confidence intervals were not overlapped. A Bland--Altman plot was also performed to distinguish whether the variation between radiographic techniques would lead to significant difference on clinical performance. CR, DR, and EOS were compared with each other using the Bland--Altman plot. For each comparison, 95% limit of agreement was used. Linear regression analysis was performed for prediction of the Cobb angle measurement by EOS using CR or DR. Statistical significance was defined by *p*-value\< 0.05 for all tests.

Results {#sec3}
=======

Descriptive statistics {#sec3.1}
----------------------

The mean, standard deviation, and the range of the measured Cobb angle for the 32 radiographs obtained from each of the three imaging methods were recorded. Each imaging method was reported independently for every observer ([Table 1](#tbl1){ref-type="table"}). The overall mean Cobb angle for CR imaging was 32.035°, 33.70° for DR imaging and 33.9° for EOS imaging method. The range of measured Cobb angle were from 9.40° to 59.3° for the three imaging methods among the observers.Table 1Descriptive statistics between measurements of Cobb angle.Table 1Cobb angleObserver 1Observer 2Observer 3CRDREOSCRDREOSCRDREOSMean (°)30.8732.9033.0035.9637.1037.9135.0734.6533.95Standard deviation8.349.649.819.4010.0010.109.9410.1610.45Range (°)12.20--49.7514.90--51.7515.65--51.5518.05--56.0018.50--55.8018.70--56.8517.20--55.0012.65--53.3013.45--51.05Cobb angleObserver 4Observer 5Observer 6CRDREOSCRDREOSCRDREOSMean (°)30.0830.0529.7024.9532.2331.3435.2835.8537.52Standard deviation9.019.128.9711.809.228.7410.019.9710.01Range (°)14.90--48.0514.10--48.3514.30--48.109.40--48.5516.20--50.7516.30--50.6515.30--51.2517.45--52.6020.60--59.30[^1][^2]

Reliability {#sec3.2}
-----------

The intraobserver reliability of Cobb angle measurements using the three imaging methods for each observer was analysed. The data are presented as intraclass correlation coefficient (ICC) with 95% confidence intervals ([Table 2](#tbl2){ref-type="table"}). Excellent reliability was found between the repeated measurements for all observers with the single-measure ICC values higher than 0.9, regardless of the type of radiographic methods used. Half of all observers (observers 1, 2, and 6) expressed highest ICC values in EOS measurements, whereas most of the observers (observers 1, 2, 3, 4, and 6) expressed the lowest ICC estimates in CR measurements compared with those of EOS and DR. Observers 2 and 6 demonstrated relatively higher ICC results for all imaging methods compared with other observers. Statistically significant differences in ICC values were present between four observer pairs in EOS measurements (observer 1 and 2, observer 2 and 3, observer 2 and 5, and observer 5 and 6) and two observer pairs in DR measurements (observer 2 and 5 and observer 5 and 6).Table 2Intraobserver reliability of Cobb angle measurements using three imaging methods.Table 2Imaging modalityObserver 1Observer 2Observer 3Observer 4Observer 5Observer 6EOS0.970 (0.939--0.985)0.994 (0.988--0.997)0.977 (0.953--0.988)0.978 (0.956--0.989)0.928 (0.858--0.964)0.992 (0.983--0.996)CR0.960 (0.920--0.980)0.987 (0.969--0.994)0.967 (0.926--0.985)0.960 (0.843--0.985)0.968 (0.935--0.984)0.987 (0.973--0.994)DR0.962 (0.834--0.986)0.989 (0.978--0.995)0.980 (0.960--0.990)0.981 (0.958--0.991)0.955 (0.911--0.978)0.990 (0.980--0.995)[^3][^4]

The interobserver reliability of Cobb angle measurement was determined using a two-way random model with absolute agreement. The interobserver ICC values (colour bars) with upper and lower bound of 95% confidence intervals (error bars) are demonstrated ([Figure 3](#fig3){ref-type="fig"}). The interobserver reliability estimates were lower than the corresponding intraobserver reliability estimates, with ICC values ranged from moderate to excellent for EOS (0.636--0.926), poor to good for CR (0.499--0.869), and moderate to excellent for DR (0.739--0.941). The *p*-value was larger than 0.05 in all values for each method with a testing value of 0.9. The ICC value of CR was slightly lower than that of DR and EOS, but no significant difference was detected among the three methods. The interobserver variability was relatively high for all methods with reference to a wide range of the 95% confidence intervals. CR measurements showed highest variability with a range of 0.37 ICC.Figure 3**Interobserver reliability of Cobb angle measurements within imaging methods**. Two-way random ICC model 2 with absolute agreement for single measure was used. For all estimates, test value = 0.9. ICC, intraclass correlation coefficient; CR = computed radiography; DR = digital radiography; EOS™ imaging system.Figure 3

Agreement {#sec3.3}
---------

Comparisons of Cobb angle measurements between pairs of imaging methods were categorized by the extent of agreement with the use of Bland--Altman method of difference ([Figure 4](#fig4){ref-type="fig"}). With an unknown true Cobb angle value, the mean of the two measurements was regarded as the best estimate. The resulted Bland--Altman plots of all demonstrated low mean difference of measured Cobb angle between modalities (d CR v. DR = 0.0344°; d CR v. EOS = 0.3891; and d DR v. EOS = 0.3547°) which were not significant from zero (*p* \> 0.05), meaning that there was no fixed or constant bias between methods. No demonstrable departure from zero was detected in slopes of the regression of difference on means for the three plots (R^2^ = 0.01 for CR v. DR; 0.00476 for CR v. EOS; and 0.02 for DR v. EOS), indicating no proportional bias between methods. All differences were within the limits of agreement mean + 1.96SD and mean--1.96SD. The range of CR and DR differences, CR and EOS differences, and DR and EOS differences were from --2.65° to 2.85°, from --2.40° to 2.90°, and from --3.05° to 3.75°, respectively. The results of the Bland--Altman plots indicate that the difference between EOS and CR/DR measurements was not clinically important.Figure 4**Bland-Altman plots of observer 4 between the Cobb angle measurements of different imaging methods**. (A) CR versus DR. (B) CR versus EOS. (C) DR versus EOS.CR = computed radiography; DR = digital radiography; EOS™ imaging system.Figure 4

Prediction {#sec3.4}
----------

Linear regression analysis was performed for studying the relationship between the Cobb angles measured using EOS and using CR/DR ([Figure 5](#fig5){ref-type="fig"}). The coefficient of determination, R^2^, represents the percentage of the variance in the dependent variable (Cobb angle measured by EOS) that is predictable from the independent variables (Cobb angle measured by CR/DR). The results demonstrated significant linear regression between the Cobb angle measured using CR and EOS (R^2^ = 0.980; *p* \< 0.001) and between DR and EOS (R^2^ = 0.973; *p* \< 0.001). The significant *p*-value indicated that changes in the predictor (Cobb angle measured by CR/DR) were related to changes in the response (Cobb angle measured by EOS). The Cobb angle measured from CR images was found to be slightly better than that from DR images for prediction of EOS measurement. However, their difference in R^2^ was very small and was clinically insignificant. All observed Y points lied closely to the predicted Y points of the regression equation in both regression variation plots without any outliers. This accounted for the low standard error of the estimate of 1.281 and 1.502 for CR and DR measurements, respectively.Figure 5**Regression variation plot of observer 4 between Cobb angle measured using CR/DR and EOS**. Estimated Cobb angle value in EOS is predicted with known value of Cobb angle in CR/DR measurement.CR = computed radiography; DR = digital radiography; EOS™ imaging system.Figure 5

Discussion {#sec4}
==========

This was the first local study to compare the performance of CR, DR, and EOS in scoliosis imaging with Cobb angle measurements. In the study, the reliability of individual imaging methods and the agreement between different imaging methods were assessed, and prediction was made to see if the three methods could be used interchangeably. The main findings included, first, excellent intraobserver reliability for each observer in each of the three imaging methods, second, lower interobserver reliability than the corresponding intraobserver reliability for each imaging method, third, good agreement between pairs of methods and last, high linear regression between EOS and CR/DR measurements.

Reliability is essential in the radiographic evaluation of scoliosis by minimising observer error so that more uniform recommendations regarding treatment and surgical planning can be achieved. It represents the non-systematic error of measurements with regard to the intraobserver and interobserver variability. This applies to the imaging method used to produce the radiographs for angle measurement. By testing the commonly used methods for scoliosis radiography, CR, DR, and EOS all showed the ability to produce reliable Cobb angle measurement results in repeated measures in the present study. They were reported to have excellent intraobserver reliability and moderate-to-good interobserver reliability in general. It verifies that the same observer measuring a curve is more similar to their own measurements than those of other observers [@bib15], [@bib16].

These results are in agreement with previous literature values for the high intraobserver ICCs and lower corresponding interobserver ICCs of the Cobb angle [@bib15]. Wills [@bib15] documented ICCs of 0.91--0.99 for intraobserver reliability and 0.89 to 0.99 for interobserver reliability of the Cobb angle. Compared with his study, the present study showed similar intraobserver ICCs (0.928--0.994) but lower interobserver ICCs (0.739--0.837). The difference between the results could be explained by the preselection of the end vertebrae before measurements in the study by Wills. In the present study, because the end vertebrae of scoliotic curves were not defined before angle measurement, observers may select different end vertebrae for their measurement, resulting in higher interobserver variability. As suggested by Dimar [@bib17], only poor-to-moderate level of inter-rater reliability would be reported on coronal measurements when the end vertebrae of scoliotic curves were not preselected and agreed on by observers. The lack of preselection of end vertebrae posed a potential source of error, resulting in greater measurement variation [@bib12], [@bib18].

Small difference was found in the interobserver variability of Cobb angle measurement using various imaging methods. This could be related to the variation in the radiographic image quality between imaging methods. The end plates should be clearly defined and viewed as a single clear line so that observers can accurately draw the lines adjacent to the end plates of the upper and lower vertebrae using marking tools for Cobb angle calculation. As suggested by Deschênes et al. [@bib19], biplanar slot scanners provide images of better resolution than that of standard CR images with 46.7% global image quality and 32.4% structure visibility improvements. On CR radiographs, the vertebral end plates far from the source often partially overlap and appear fusiform, which cannot be reduced to a single clear line and defined by observers [@bib16], [@bib19]. Improper drawing of lines across the end plates of the vertebrae causes inaccurate estimation of slopes of the end vertebrae, resulting in Cobb angle degree variation [@bib20]. This explains our finding that CR was of higher interobserver variability in Cobb angle measurement than that of DR and EOS. Another study also pointed out that the performance of CR measurement is even worse in the condition of combined deformities such as lordoscoliosis or kyphoscoliosis, as the determination of end plates for true Cobb angle measurement is nearly impossible with CR [@bib21].

The measurement of Cobb angle in serial follow-up should be accurate to reflect the scoliotic severity and curve progression in patients. Thus, it is important to see if different imaging methods are in agreement with one another so that the Cobb angle measured from the radiographs are comparable. When comparing two radiographs, a 5° difference in the Cobb angle measurement represents a 95% chance of a true difference, which may be enough to influence the clinicians\' evaluation on likelihood of curve progression and suggestions for treatment intervention [@bib11]. Thus, a value of 5° has been accepted as the upper limit of measurement variations between measurements. Because all differences of Cobb angle measurements by using various imaging methods randomly fell within 5° difference in the study with a maximum range of the measured Cobb angle differences between methods from −3.05° to 3.75° ([Figure 4](#fig4){ref-type="fig"}), it could be concluded that there was no significant difference in the Cobb angle measurement with the use of different imaging methods. Similar to our results, Schmid et al. [@bib22] also found a 3° error for Cobb angle measurements between different modalities (CR, EOS, and CT) at the neutral plane. Good agreement was found between any two of the examined imaging methods, meaning that they could be used interchangeably with one another, and clinical comparison on Cobb angle could be made with radiographs produced either by CR, DR, or EOS.

Previous studies have compared the performance of EOS with CT in the measurement of scoliotic curves, and most studies reported an excellent agreement between EOS and CT in measuring Cobb angle and confirmed EOS to be a reliable and accurate imaging acquisition method for scoliosis examination [@bib22], [@bib23]. It is suggested that the biplanar X-ray sources and detectors of EOS system translate simultaneously along superoinferior direction; thus, the images produced do not have geometrical magnification, contrary to conventional projection imaging systems [@bib24]. However, no studies have actually examined the agreement between EOS and standard X-ray systems. In contrast to Hull\'s suggestion [@bib24], the results of the present study proved that the effect of geometrical magnification on Cobb angle measurement is insignificant. The difference in the Cobb angle measurement between imaging methods could be regarded as measurement variability rather than real error. None of the methods systemically underestimated or overestimated the Cobb angle measurement in our study. All the three methods are satisfactory for assessing the Cobb angle in AIS.

With EOS being suggested to be an accurate method and recommended to be a standard in scoliosis radiography, it should be used extensively in scoliotic centre for follow-up examinations. However, the availability of this newly developed system is limited and CR and/or DR is still in use in most of the scoliosis centres, it is indicative to document the performance of CR and DR versus that of EOS to see if their measurements on Cobb angle are correlated. The findings showed that the CR and DR measurements were highly correlated with the EOS measurement, with coefficient of determination (R-square value) of both CR and DR close to 1 ([Figure 5](#fig5){ref-type="fig"}). It is confident to tell from the study that the measurements of Cobb angle by EOS could be effectively predicted using CR/DR, with a high accuracy of predictions. In other words, CR and DR could give accurate Cobb angle measurement results comparable to those of EOS, so they could be continuously used in the future without an urgent need to be replaced by EOS for assessment of scoliosis.

Still, the slot-scanning system has key advantages over standard X-ray systems in terms of its microdose protocol and 3D reconstruction ability, which has not been assessed in the study. During spine radiograph acquisitions, radiosensitive organs including the breasts and thyroid are exposed to radiation [@bib25]. Previous studies documented an estimated cumulative radiation exposure of 15 mSv due to periodic radiographic follow-ups, leading to notably increased cancer risk in AIS patients [@bib26], [@bib27]. With the use of microdose EOS, a 58% dose reduction with the effective dose reduced from 233 mSv to 98.7 mSv could be achieved [@bib28], [@bib29]. Another study also confirmed a 6- to 9-fold of average skin dose reduction in the thoracoabdominal region, with the use of slot-scanning imaging instead of CR [@bib19]. Moreover, a complex 3D structure of curve deformity has been reported to be difficult to assess from 2D radiographic measurement [@bib30], [@bib31]. The Scoliosis Research Society has highlighted the clinical relevance and impacts of 3D analysis of scoliosis using EOS [@bib32]. The 3D spine images created can be tilted and rotated, permitting accurate evaluation of the axial plane and visualisation of true sagittal alignment. The extensive and complete description of scoliotic spine assists the orthopaedists in classification of scoliosis and assessment of posture [@bib28].

The clinical relevance of the present study may lie in several aspects. Differences in the image acquisition techniques contribute to errors of Cobb angle measurement in addition to patient factors [@bib4], [@bib33]. First, the present study design using the spinal phantom allows separate evaluation of influences of the state-of-art digital imaging systems on the reliability of the Cobb angle determination, which is an important imaging biomarker for scoliosis management [@bib34], [@bib35]. It may substantiate further comparison studies on clinical evaluation of the three current digital radiographic imaging methods in the measurement accuracy of Cobb angle. Understanding of such influences allows optimized use of these imaging systems for spinal imaging of scoliosis. Second, the results demonstrated that both CR and DR systems are as reliable and accurate as EOS system for Cobb angle measurement in the coronal plane. Thus, both the CR and DR imaging system can be an alternative to EOS in view of the limited availability in clinical practice. Third, the newly developed EOS system enables improvement in the image quality; the present study was evident that it further reduced the intraobserver variability in the measurement of Cobb angle, which is important in the longitudinal monitoring of AIS for spinal curve progression.

The present study design was not without limitation. A spine phantom in place of clinical radiographs was used for comparison. Nonetheless, this is necessary as performing additional radiographic examinations for patients without health benefits to them is unethical. The absence of soft tissue and neighbouring anatomy in the model made it impossible to take into account the effect of soft tissue scattering and anatomical superimposition on clinical radiographs. Also, because measurements in the present study were made under ideal conditions with the use of phantom, the total error may be underestimated owing to patient factors such as positioning and movement during image acquisition. The phantom enables bending and rotation via a metallic spring rod inserted in the vertebral canal. However, the radio-opaque metallic rod and the Perspex fixation frame around the phantom would obscure the radiographic image landmarks such as the pedicles, spinous process and vertebral end plate, which are the essential reference points for the quantitative evaluation of the Cobb angle in the sagittal plane and vertebral axial rotation using the methods by Cobb, Nash-Moe, Perdriolle and Stokes [@bib36], [@bib37]. Thus, quantitative evaluation of the sagittal curvature and vertebra axial rotation had not been attempted in the present study.

In summary, the existing data suggested that CR, DR, and EOS radiographs were all highly reliable for Cobb angle measurements. Excellent agreement was shown between each of the three imaging methods with no significant difference in their measurements. As a result, any of the evaluated methods is an acceptable means to obtain images for Cobb angle measurement in AIS. A further direction of the study is to assess the effect of imaging methods on other clinical measurement parameters of scoliosis so as to assess their interchangeability.
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[^1]: All values were corrected to two digits after decimal point.

[^2]: CR = computed radiography; DR = digital radiography; EOS™ imaging system.

[^3]: CR = computed radiography; DR = digital radiography; EOS™ imaging system; ICC = intraclass correlation coefficient.

[^4]: Two-way mixed ICC model 3 with absolute agreement for single measures was used. For all estimates, test value = 0.9.
